Laser hyperthermia is a powerful therapeutic modality that suppresses the growth of proliferative lesions. In hyperthermia, the optimal temperature range is dependent on the disease; thus, a temperature-driven laser output control system is desirable. Such a laser output control system, integrated with a thermal sensor circuit based on thermography, has been established. In this study, the feasibility of the developed system was examined by irradiating mouse skin. The system is composed of a thermograph, a thermal sensor circuit (PC and microcontroller), and an infrared laser. Based on the maximum temperature in the laser-irradiated area acquired every 100 ms during irradiation, the laser power was controlled such that the maximum temperature was maintained at a preset value. Temperature-controlled laser hyperthermia using the thermal sensor circuit was shown to suppress temperature fluctuations during irradiation (SD ∼ 0.14 ∘ C) to less than 1/10 of those seen without the thermal sensor circuit (SD ∼ 1.6 ∘ C). The thermal sensor circuit was able to satisfactorily stabilize the temperature at the preset value. This system can therefore provide noncontact laser hyperthermia with the ability to maintain a constant temperature in the irradiated area.
Introduction
Laser hyperthermia (LH) is a promising and minimally invasive therapy used in various medical fields. The therapeutic indications of LH include superficial lesions such as neoplasm [1] , plantar warts [2] , condyloma acuminata [3] , or human papillomavirus-infected skin [4] . In the field of orthopedic surgery, it has been reported that LH promotes bone healing for fractures and is suitable for treating osteoarthritis [5, 6] .
When using LH, it is important to control the heating in order to keep the temperature of a lesion within the particular thermal range that induces the maximum therapeutic effect. For this reason, various devices for temperature monitoring during LH have been developed [7, 8] , including thermocouples [8] , thermistors [9] , and infrared temperature monitors [10] . Most of these temperature monitoring devices, however, only provide one value for the average temperature in a certain area. When the whole area of a target lesion is heated, the increases in temperature in small subdivided regions within the whole area are not always equal. This is because biological tissue is generally composed of small structures, each of which has different thermal characteristics. Such situations are likely to cause unintended effects during LH, such as excessive local heating due to the spatial irregularity of the lesion. This strongly suggests that temperature monitoring devices that only show "one value" temperature information are insufficient for monitoring the heating status during LH.
One solution to this limitation is to use thermal imaging (thermography) that can obtain individual temperatures in subdivided small areas within the whole area of a target lesion. However, thermography has rarely been used as the temperature monitoring device for LH. In addition, to our knowledge, there are few examples where thermography has been used for temperature control in LH [11] . Therefore, an LH system using thermography has been developed, which provides feedback from each temperature in several subdivided small areas within the whole area of a target lesion to the laser output control unit (patent number: PCT/JP2016/079124).
The aim of this study is to examine the feasibility of this thermography-based thermal sensor circuit for temperaturecontrolled LH, using the skin of small animals.
Materials and Methods

Animals.
Two different representative species of Mus musculus (BALB/c and C57BL/6), which are often used as laboratory animals, were selected, as the effect of the laser might differ depending on the type of mice. Female BALB/c Cr mice at 6 weeks of age (Japan SLC, Hamamatsu, Japan) and C57BL/6 mice at 6 weeks of age (Japan SLC, Hamamatsu, Japan) were fed under specific pathogen-free conditions. All animal procedures were performed in accordance with the guidelines approved by the National Defense Medical College Animal Care and Use Committee.
Hairs from the mice were removed one day before laser irradiation; hairs on the right dorsal skin were roughly cut with a clipper and were completely removed using a hair removal cream. The laser irradiation experiment with a thermal sensor circuit (described below) was carried out using one mouse of each species, and the laser irradiation experiment without the thermal sensor circuit (described below) was performed using three mice from each species.
Near-Infrared Irradiation and Thermal Dosimetry Settings.
A fiber-coupled laser diode emitting an 808 nm laser (model FC-W-808, maximum output: 10 W; Changchun New Industries Optoelectronics Technology Co., Ltd., Jilin, China) was used as the LH device. The fiber probe was placed above the dorsal skin of the mice such that the irradiated area was 0.20 cm 2 (diameter = 0.5 cm). The skin temperature was measured using a high-resolution infrared thermograph (FSV-2000, Apiste Corporation, Osaka, Japan). The maximum frame rate of the thermograph is 50 fps, the temperature accuracy is ±2%, and the spatial resolution is 384 × 288 pixels. From the whole area of pixels within an arbitrarily selected region, this thermograph automatically detects both maximum temperature and minimum temperature every 20 ms.
Structure of the Thermal Sensor Circuit and the Temperature Control
System. In order to keep the skin temperature constant, the laser power was automatically adjusted by a thermograph-based thermal sensor circuit ( Figure 1 ). Multipoint temperatures in a selected area including the irradiated spot were captured by the thermal sensor circuit and transmitted to a PC. A microcontroller connected to the PC modulated the laser current, the magnitude of which was controlled in the following manner: the target temperature (tar(T)) that we aim to maintain in the heating area was input into the program that controls the thermal sensor circuit. In this experiment, the laser current started at 9.2 A, which corresponded to a laser output of approximately 1.8 W/cm 2 . The upper limits of the laser current were set to 11.2 A (corresponding to 7 W/cm 2 ). All initial setting values were provisional and could have been changed arbitrarily. The workflow of the program for the thermal sensor circuit obeyed the flowchart shown in Figure 2 . The total processing time, including temperature sampling, output control, and laser irradiation, was 100 ms. Since the rise and fall durations of the infrared laser are 1 s each, they did not affect the controlled period (100 ms). Typical adjustment of the laser current based on the acquired maximum temperature is described below. For this case, the upper and lower limits were set to ±0.1 ∘ C of tar(T). At 1 s after the initiation of the laser irradiation, when the acquired maximum temperature had not reached tar(T), the laser current was increased to 11.2 A. Thereafter, when the acquired maximum temperature exceeded tar(T) by 0.1 ∘ C or more, the laser current was dropped to 0 A. Then, when the acquired maximum temperature was less than tar(T) by 0.1 ∘ C, the laser current was adjusted to 0.2 A below the last current value immediately before the current was turned off. When the acquired maximum temperature was still lower than tar(T), the laser current was adjusted to a value 0.2 A higher than the value 100 ms before. The variation in the current (±0.2 A) was ascribed to the functional limitation of the laser equipment used. In the stable phase, in which the time-dependent variation in the acquired maximum temperatures was small, the laser current was gradually decreased and then repeatedly turned on and off at a certain constant value.
Laser Irradiation Protocol.
Mice were placed in the left lateral decubitus position and the dorsal skin was irradiated using the laser system. The camera (FSV-210L, Apiste) of the thermograph was fixed so that the long axis of the camera was parallel to that of the laser beam. The zoom lens (FSV-L212, Apiste) was adjusted so that all of the skin of the right back of the mouse was included in the monitor view. A target region for measuring the temperature was determined so as to cover the whole area of the irradiation spot (Figure 1) . Regardless of the use of the thermal sensor circuit, an area of the selected target region was set at a fixed value, resulting in a 96 × 72 pixel area (corresponding to 29 mm × 22 mm in a real area of the skin). As mentioned previously, the maximum temperature within the whole selected region was automatically detected every 20 ms.
Laser Irradiation Using a Thermal Sensor Circuit.
The right dorsal skin of the mouse was irradiated with the laser for 300 s using the thermal sensor circuit system, setting tar(T) at 42.5 ∘ C. Photographs of the irradiated skin were obtained two days after the irradiation, when the pathological dermal changes (i.e., burn blisters) are usually most prominent.
Laser Irradiation without a Thermal Sensor Circuit.
The right dorsal skin of a mouse was irradiated with the laser at a constant power density of 6 W/cm 2 for 300 s, while monitoring and recording the highest temperature within the selected area using thermography. Photographs of the irradiated skin were obtained two days after the irradiation.
Results
The laser output control system integrated with the thermal sensor circuit using thermography succeeded in keeping the temperature at the target area constant during laser irradiation, even with different types of mice (Figure 3) . Once the temperature reached the tar(T) (X, 42.5 ∘ C) after the initiation of laser irradiation (approximately 40 s after the irradiation), the average temperature of the BALB/c mouse and C57BL/6 mouse was 42.52 ∘ C and 42.51 ∘ C, respectively, with standard deviations of 0.14 ∘ C and 0.14 ∘ C (Figure 3 ). The temperature value every 100 ms after reaching the tar(T) of 42.5 ∘ C was within the range of 42.5 ± 0.1 ∘ C for 52.53% of the time for the BALB/c mouse and 49.71% of the time for the C57BL/6 mouse ( Figure 4) .
On the other hand, in the case of laser irradiation without the thermal sensor circuit, the temperature of the target area was not stabilized ( Figure 5) . When compared at 40 s after the laser irradiation, the average temperatures of the BALB/c mice and C57BL/6 mice were 44.01 ∘ C and 43.60 ∘ C, respectively, with standard deviations of 1.74 ∘ C and 1.58 ∘ C ( Figure 5 and Table 1 ). The skin temperature of one of the BALB/c mice (number 3) exceeded 47 ∘ C, and the animal showed blister formation corresponding to the irradiated area, suggesting the occurrence of a first-degree burn (Figure 6(a) ). Histopathological examination (Hematoxylin and Eosin stain) of the BALB/c mouse (number 3) revealed that the squamous epithelium was not seen in the irradiated area, which is consistent with a first-degree burn (Figure 7) . All of the other mice showed no obvious change in the irradiated skin ( Figure 6(b) ).
Discussion
The present study showed that temperature-controlled laser hyperthermia using the thermal sensor circuit exhibited excellence in maintaining a tar(T). Temperature-controlled laser hyperthermia using the thermal sensor circuit resulted in suppression of the temperature fluctuations during irradiation (SD ∼ 0.14 ∘ C) to less than 1/10 of those seen without the thermal sensor circuit (SD ∼ 1.6 ∘ C). The degree of temperature increase due to the LH depends on several factors, such as the laser wavelength, power density of the laser, density of melanin pigment, distribution of capillaries in the epidermis, and concentration of hemoglobin in the blood [12, 13] . Therefore, it is important to monitor the temperature of the lesion during LH.
For effective LH, it is necessary to heat the lesion up to the tar(T); however, overheating the lesion should be avoided. Although the maximum temperature was around 45 ∘ C in most of the mice irradiated without the thermal sensor circuit, some of the mice bore low-temperature burn, as shown in Figure 6 . Therefore, the tar(T) should be kept within an appropriate range. An optimal temperature range for LH is considered to be from 42 ∘ C to 45 ∘ C; this range promotes the migration and maturation of Langerhans cells [14] , which activate immune responses.
Temperature-controlled systems using the combination of a hyperthermic apparatus and a noninvasive temperature monitor have been developed, and some of them have been used clinically [3, 7, 8, 10, [14] [15] [16] . A noncontact type thermal monitoring system, other than thermography, has also been reported [3, 10, 14] ; however, it only shows one value for the average temperature in a certain area. In contrast, the present thermal sensor circuit is unique in its ability to acquire multipoint temperatures (thermal images) using thermograph.
There are several challenges to be addressed to advance the present system toward practical use in clinical applications. The first challenge is to verify the effectiveness of the thermal sensor circuit when applied to lesions such as tumors and plantar warts. Most of the neovessels in such lesions often show a poor vasodilating property; thus, the delivered heat tends to be retained owing to insufficient blood flow, and the temperature of the lesions is liable to increase [17] . The second challenge is to improve the temperature control. The program that controlled the thermal sensor circuit in the present study was a simple modification of the on-off control method. Approximately 50% of the temperature values every 100 ms after reaching the tar(T) of 42.5 ∘ C were within the range of 42.5 ± 0.1 ∘ C. The use of other control methods may further suppress the temperature fluctuation. One candidate is the proportional-integral-derivative (PID) control method, which is reported to correct the fluctuation of temperature more tightly than the on-off control method [7, 18] . The third challenge is to establish a method for the estimation of the temperature inside an irradiated target from the surface temperature, since thermography in principle measures the surface-to-air temperature.
Conclusions
Our developed thermal sensor circuit using thermography for temperature-controlled LH successfully suppressed the temperature fluctuation during laser irradiation to less than 1/10 of that seen when compared to irradiation without the thermal sensor circuit.
